Grasslands sequester and store large amounts of soil carbon, which is primarily controlled by herbivory and precipitation. However, few studies have examined the combined effects of these two factors and quantified how they control carbon cycling in temperate grasslands. The objective of this study was to quantify how grazing intensity affects the magnitudes and patterns of net CO 2 exchange in the mixed-grass prairie, the largest native grassland ecosystem in North America. The study was conducted during two contrasting precipitation years (dry vs. wet summer), which allowed investigation of the interaction between precipitation and grazing intensity on the magnitudes and patterns of net CO 2 exchange. Our three grazing regimes have been in place for 20 years and consist of light and heavy grazing and ungrazed exclosures. Ecosystem CO 2 exchange rates were strongly influenced by changes in summer precipitation. Decreasing summer precipitation reduced ecosystem respiration (RE) by 45%, gross ecosystem production (GEP) by 75%, and net ecosystem exchange (NEE) by 70%. The lightly grazed pastures had the greatest rates of RE, GEP, and NEE during the wet summer; however, NEE did not differ between grazing treatments in the dry summer. These results indicate that grazing intensity and precipitation interact to influence carbon cycling on mixedgrass prairie ecosystems.
Background
Understanding the factors controlling the exchange of CO 2 between the biosphere and the atmosphere and the sequestration of carbon (C) by landscapes has become a central concern for science, policy, and management (Follett et al. 2000; Kaiser 2000; Schulze et al. 2000; Sims et al. 2008; Morgan et al. 2010; Polley et al. 2010 ). These concerns have emerged because changes in climate, due to anthropogenic increases in atmospheric CO 2 concentrations, is altering the fluxes of trace gases and the sequestration of C by terrestrial ecosystems (Amthor et al. 1998; Wofsy and Harriss 2002) . Grasslands represent more than 40% of the global landscape, accrue and store large amounts of soil C, and are influenced by precipitation and grazing intensity (Sala et al. 1988; Amthor et al. 1998; Flanagan et al. 2002; Fay et al. 2008) . Consequently, it is vital that we develop a better understanding of the patterns and magnitudes of CO 2 exchange between grasslands and the atmosphere and how those exchanges may be influenced by grazing regimes and precipitation. In particular, more carbon cycling knowledge is needed for the mixed-grass prairie, especially in the USA, because it is the largest grassland ecosystem in the Great Plains, encompassing 38% of the grassland area in North America (Lauenroth 1979; Ganjegunte et al. 2005; Ingram et al. 2008) .
Net CO 2 exchange and C sequestration is the net effect of C fixation by plants, heterotrophic and autotrophic respiration, and soil C storage. All of these processes are potentially sensitive to land use such as grazing intensity (Schuman et al. 1999; LeCain et al. 2000; Welker et al. 2004a; Ingram et al. 2008) , abiotic factors such as precipitation or temperature (Briggs and Knapp 1995; Chimner and Welker 2005; Bradford et al. 2006; Chimner et al. 2010; Polley et al. 2010) , and soil nitrogen (N) processes (Schulze et al. 2000) . However, our understanding of how these factors directly and indirectly affect the magnitudes and patterns of CO 2 exchange on rangelands is still rudimentary Smith et al. 2002; Hunt et al. 2004 ) and requires quantification if we are to develop realistic and effective C management options on rangelands (Allen-Diaz 1996; Kaiser 2000; Wofsy and Harriss 2002; Ingram et al. 2008) .
Herbivory and precipitation are two of the most important factors that affect the structure and function of grasslands Bradford et al. 2006) . Grasslands in the USA were historically grazed by native ungulates (bison), but have been primarily grazed by domestic livestock (mostly cattle) during the past 50 to 150 years (Hart et al. 1988) . Livestock densities, however, have not been uniform and thus different intensities of animal use have been imposed on grasslands. Grazing intensity affects a suite of ecological and biogeochemical processes and properties, such as plant community composition (Derner and Hart 2007) , soil physical properties (Ganjegunte et al. 2005; Piñeiro et al. 2010 ), soil C and N contents (Schuman et al. 1999; Welker et al. 2004a; Ingram et al. 2008; Piñeiro et al. 2010) , and magnitudes of CO 2 exchange (LeCain et al. 2000; Welker et al. 2004a ). However, the interaction between various grazing intensities under different precipitation regimes is not fully understood (Svejcar et al. 2008) .
Grassland precipitation amounts, patterns, and forms vary from year to year (Fay et al. 2000; Fay et al. 2002; Knapp et al. 2001; Flanagan et al. 2002; Morecroft et al. 2004; Heisler-White et al. 2008; Tagir et al. 2010) . Differences in precipitation amounts and patterns between years are especially important because rainfall and associated soil water properties are important controls on C exchange (Flanagan et al. 2002; Harper et al. 2005) , and because they determine whether terrestrial ecosystems are annual C sources or sinks to the atmosphere (Schimel et al. 2000; Zhang et al. 2010) . However, grazing intensity, which alters plant community composition, production, and soil properties, can modify how precipitation influences the magnitude and pattern of grassland C cycling (Schuman et al. 1999; Ingram et al. 2008) . The main objective of this project was to quantify how grazing intensity affects the magnitudes and patterns of net CO 2 exchange and its constituents (gross ecosystem production and ecosystem respiration) in a mixed-grass prairie. However, the study was conducted during two contrasting precipitation years (dry vs. wet summer), which allows us to investigate the interaction between precipitation and grazing intensity on the magnitudes and patterns of net CO 2 exchange. This study was conducted as part of an interdisciplinary project that addressed multiple facets of C cycling in the mixed-grass prairie (Ganjegunte et al. 2005; Ingram et al. 2008) .
Methods

Study areas
Our study was conducted at the USDA-ARS High Plains Grasslands Research Station (HPGRS), west of Cheyenne, Wyoming, located at the southern end of the mixed-grass prairie of North America (41°N, 104°W) (Schuman et al. 1999; LeCain et al. 2000) . The elevation at the HPGRS averages 1,930 m with a mean annual precipitation of 380 mm and an average of 127 frost-free days. The average summer temperature is 18°C and the average winter temperature is -2.5°C. The major cool-season (C 3 ) grasses on the site are western wheatgrass (Pascopyrum smithii (Rydb) A. Love) and needle-andthread grass (Hesperostipa comata (Trin. & Rupr.) Barkworth ssp. comata). The dominant warm-season (C 4 ) grass is blue grama (Bouteloua gracilis (H.B.K.)). The soils are mixed, mesic, Aridic Argiustolls, with the soil series being an Ascalon sandy loam (Schuman et al. 1999) . Our studies were limited to the Ascalon soil type, which is representative of more than 50% of the soils in the mixed-grass prairie.
Three grazing treatments have been in place at the site since 1982 and consist of a light stocking rate (21.6 steer-days ha -1 ), heavy stocking rate (62.7 steer-days ha -1 ) and no grazing (Schuman et al. 1999; LeCain et al. 2000) . The heavy and light grazing treatments consisted of continuous season-long (early June to mid-October) grazing by livestock. The light grazing and heavy grazing treatments each occurred in two replicate pastures that are about 50 ha each with gently rolling terrain. Each lightly grazed pasture has a representative ungrazed exclosure (0.5 ha). Before the initiation of grazing treatments, the site had not been grazed by livestock for 40 years.
Carbon dioxide exchange measurements
Carbon dioxide exchange patterns were quantified by taking measurements during the growing (snow free) seasons from May 2002 to December of 2003. CO 2 exchange rates were determined with an infrared gas analyzer (Licor, LI-6200, Lincoln, NE, USA) connected to a clear chamber (50 × 50 × 40 cm) with several small fans continuously mixing air in the chamber during measurements (Vourlitis et al. 1993; Chimner et al. 2010) , which was placed over pre-selected plots at the time of each measurement. All chamber measurements (5 plots per pasture/exclosure for a total of 30 plots) were conducted in the three grazing treatments on the same days to minimize differences between days. Soil temperatures at 5 cm were also measured with a standard soil thermometer at the beginning of each measurement. Diel measurements were conducted throughout the day (it took about 2 h to complete one round of gas sampling), starting at predawn and ending at nightfall, roughly every 4 to 6 h. Sampling occurred about every 1 to 4 weeks during the snow-free season. Flux rates were calculated by measuring the change in CO 2 concentrations within the chamber (Vourlitis et al. 1993) . After placement of the chamber, no measurements were taken until a steady mixing occurred and CO 2 concentration in the chamber started increasing or decreasing at a constant rate (typically 20 to 30 s). After steady mixing occurred, measurement of net ecosystem exchange (NEE) commenced and lasted for about 1 to 2 min. The rapid measurements minimized temperature and water vapor increases in the chamber (Vourlitis et al. 1993) . The chamber was briefly opened to ambient air (20 to 30 s) after the NEE measurement and then replaced and covered with an opaque cloth to prevent photosynthesis, allowed to mix, and measurements of ecosystem respiration (RE) commenced (Chimner et al. 2010) . Gross ecosystem production (GEP) was then subsequently calculated by subtracting the RE rates from the NEE rates. Since we measured ecosystem flux over 24-h periods, we were able to calculate a daily value by lineally interpolating between the time periods.
Plant biomass and physiological ecology
Total plant biomass was harvested on 3 July 2003 from five plots (20 × 50 cm) from each pasture and pooled by treatment. All vegetation in each quadrat was harvested to the soil surface and separated into grass and forb components. Green leaves were separated from dead leaves and stems, all vegetation was oven-dried at 60°C for 48 h, and total biomass was measured to the nearest 0.1 g. Leaf Area Index (LAI) was measured on 3 July 2003 with a SunScan Canopy Analysis System (Dynamax, Houston, TX, USA) that measures the direct and diffuse components of light simultaneously above and within the canopy to calculate LAI. Twenty random measurements were taken during the late morning/early afternoon in each replicated treatment for a total of 120 measurements. There were no clouds in the sky and no significant differences in incident light between samples. Treatments were pooled for analysis.
Statistical analysis
A repeated-measures, split-plot analysis of variance was conducted using PROC MIXED to test for experimental differences in ecosystem CO 2 exchange rates (SAS Institute, Inc. 2009). Replicate chamber measurements were averaged by plot for each year of analysis. Analysis was conducted by year, using pasture × grazing intensity interactions as the random effects, grazing intensity, pasture, year and all possible interactions were treated as fixed effects, and date as a repeated measure. We used compound symmetry structure for repeated-measures analysis as determined by looking at the fit statistics and the Kenward and Roger's correction for degrees of freedom (Littell et al. 2006 ). An analysis of variance was also conducted for LAI and plant biomass using PROC MIXED (SAS Institute, Inc. 2009) . Differences between all treatments were conducted using Tukey's post hoc test with differences at P < 0.05 considered significant.
Results
Canopy characteristics
The ungrazed treatment had significantly greater LAI compared to the heavily grazed treatment, but no significant differences were observed in live or dead forbs, litter, or miscellaneous biomass among treatments (Table 1 ). There was, however, greater mass of live and dead grass in the ungrazed plots compared to the heavily grazed plots. The heavily grazed plots had significantly (P < 0.05) greater lichen biomass compared to the ungrazed plots. Total plant mass did not differ between grazing treatments during 2003. Soil temperatures were also slightly modified by grazing intensity (Figure 1 ). Soil temperature differences were most pronounced in the daytime hours with heavy grazing, light grazing, and the ungrazed pastures averaging 23.6°C, 22.4°C, 21.1°C over the 2 years, respectively.
Ecosystem carbon cycling
Grazing intensity, pasture, and year were significant factors in the ANOVA for ecosystem C cycling ( Table 2 ). The most significant factor affecting NEE, GEP, and RE was year (Table 2) during mid-day. Although conditions in 2003 were not as dry as 2002, NEE was only positive during the early morning period and was negative the rest of the day. Diel patterns of GEP and RE are not shown, but generally mirrored NEE patterns. Across the 2 years of measurements, grazing intensity significantly influenced NEE (P = 0.03) and RE (P = 0.02), but not GEP (P = 0.18; Table 2 ). The grazing intensity × pasture and grazing intensity × year interactions were also significant for NEE, RE, and GEP. The pasture treatment was also significant for NEE and GEP. The two ungrazed enclosures had significantly different NEE (P < 0.01) and GEP (P = 0.03) rates (data not shown). The two lightly grazed pastures also had significantly different NEE (P < 0.01) and GEP (P < 0.01) rates. However, there were no significant differences between the two heavily grazed pastures.
Average carbon fluxes underscored the large interannual differences in our study ( Figure 6 ). Average NEE was negative (losing carbon) for all three grazing treatments in 2002, but was positive in 2003. This was due in a large part to increases in GEP during 2003. In 2003, the lightly grazed treatment was significantly greater than both the ungrazed and heavy grazing treatments for RE and GEP, while NEE was significantly greater compared to the ungrazed treatments.
Discussion
Timing and amount of precipitation had a strong influence on ecosystem carbon fluxes. Decreasing summer precipitation reduced RE by 45%, GEP by 75%, and NEE by 70%. This reduction in 2002 was primarily due to a very dry spring and early summer that inhibited plant growth. There were no summer air temperature differences between the 2 years as they both averaged 10. 5°C in 2002 and 2003. This result is not unexpected as water is a major limiting factor in grasslands (e.g., Knapp et. al 2001; Epstein et al. 2002; Köchy and Wilson 2004; Henry et al. 2006 ; 
Polley et al. 2010
). Precipitation influences NEE by controlling rates of both GEP and RE (Flanagan et al. 2002; Harper et al. 2005; Bachman et al. 2009; Zhang et al. 2010) . Dry conditions reduce plant production by forcing plants to regulate their stomata, reducing photosynthetic uptake (Grant and Flanagan 2007) and thus GEP, as we observed in Bachman et al. (2009 also showed reductions in GEP with soil drying (intraseasonal) during an adjoining experiment on the HPGRS. However, it is not clear whether their elevated CO 2 conditions ameliorated this reduction in GEP because the elevated CO 2 treatment was combined with frequent watering, thus the sole effect of elevated CO 2 on GEP was not measured or reported. Lowered microbial decomposition of organic matter has also been found to reduce RE in dry conditions (Milchunas et al. 1994; Knapp et al. 2001; Harper et al. 2005; Zhou et al. 2008 ). Under more favorable soil water conditions where GEP increases, a concomitant increase in RE occurs likely due to greater plant and soil respiration associated with greater root exudation and C substrate availability to microbes (Holland et al. 1996) . Carbon cycling in grasslands has been found to respond not only to total precipitation (Lauenroth and Sala 1992; Milchunas et al. 1994; Bradford et al. 2006) , but also to the frequency and timing of precipitation (Fay et al. 2000; Flanagan et al. 2002; Knapp et al. 2002; Nippert et al. 2006; Bachman et al. 2009; Chimner et al. 2010; Wiles et al. 2011) . For instance, Flanagan et al. (2002) found that mixed-grass prairie rapidly became a net C sink with higher rates of GEP when the spring was wet, compared to normal or dry precipitation years. Similar to the findings in this study, plant production and NEE have been found to be controlled by spring precipitation rates across Northern Great Plains (Zhang et al. 2011; Wiles et al. 2011) . Greater spring precipitation was found to increase plant production more than RE, increasing carbon storage. When precipitation is reduced or there are greater intervals between precipitation events, GEP is reduced more than RE and carbon is lost (Zhang et al. 2010) . Late summer dry periods, such as seen in 2003, seem to be less important for carbon storage than early season dry periods. However, not all species or grassland ecosystems respond the same to changes in precipitation (Morecroft et al. 2004; Köchy and Wilson 2004; Nippert and Knapp 2007) . Recently, Polley et al. (2010) have termed these responses as being functional changes in NEE as they represent a shift in the cascading mechanisms of C cycling-precipitation regimes altering canopy conditions (leaf area, biomass) which in turn controls ecosystem scale C fixation and or C efflux. These functional differences may or may not be accompanied by differences in ecosystem C cycling associated with changes in leaf N, and thus inherent photosynthetic capacity per unit leaf area (Flanagan et al. 2002) .
MONTHS
Grazing treatments exhibited only minor differences in overall ecosystem carbon flux rates compared to precipitation effects during our study period. This agrees with other studies that have found that water availability is more important than grazing intensity in grassland carbon cycling (e.g., Risch and Frank 2006) . However, we did find interactive effects of grazing intensity × pastures and years on ecosystem carbon fluxes. During the dry summer of 2002, the ungrazed grasslands had greater RE compared to the heavily grazed treatment. However, in the wetter summer of 2003, the lightly grazed pastures had greater RE, GEP, and NEE rates. Our results are similar to those of LeCain et al. (2000) who found that the lightly grazed areas tended to have greater CO 2 exchange rates in wetter than drier years . Milchunas et al. (1994) found that during dry years, net primary production decreased more in heavily grazed compared to lightly grazed grasslands, but in wet years, lightly grazed grasslands had higher rates of net primary production than heavily grazed pastures. One of the key aspects of studying ecosystem responses to either environmental changes (i.e., warming or changes in precipitation) or differences in land use (i.e., grazing regimes) is whether there are initial, transitory, and/or regime shifts to new stable states (Briske et al. 2006) . We propose that the lightly grazed system has begun to reach a C cycling equilibrium as the soil C pools have not changed significantly since the soil C pool analysis of these pastures in 1993 (Schuman et al. 1999; Ingram et al. 2008) . To the contrary, the ungrazed and the heavily grazed systems continue to show soil C loss (Ingram et al. 2008 ). These differences in soil C sequestration trajectories are similar to those reported by Welker et al. (2004a) whereby grazing regimes in an alpine grassland of Wyoming are dictating soil C sequestration though intraannual variation in weather may dictate oscillations in the magnitudes of GEP, RE, and NEE.
Interestingly, we found a strong pasture effect in the lightly grazed treatments, including the ungrazed exclosures, which are located within the lightly grazed pastures. We did not find a difference between the heavily grazed pastures. This suggests that our two heavily grazed pastures were more similar than our lightly grazed pastures due possibly to higher stocking densities and more uniform vegetation removal or to original soil properties, initial vegetation composition or slope and aspect which can affect inherent soil water properties.
One of the greatest challenges in grassland carbon biogeochemical studies is linking shorter-term C exchange measurements with integrative C measurements such as soil C pools and traits (Welker et al. 2004b; . Because soil C processes integrate across interannual variation in weather and reflect the net effect of decadal processes of C gain by plants, C loss by respiration, and C transformations in the soil into labile and recalcitrant forms. For instance, Ingram et al. (2008) found that in these same experimental plots that lightly grazed pastures had 13.8 Mg ha -1 , heavily grazed pastures had 10.9 Mg ha -1 and the ungrazed treatment had 10.8 Mg ha -1 SOC. The higher rates of GPP in the lightly grazed treatments in conjunction with the higher rates of NEE if maintained year after year, regardless of precipitation regimes would lead to these higher soil carbon pools. The larger soil C pools were also associated with higher total soil N with 1.22 Mg ha -1 , 0.94 Mg ha -1 , and 0.94 Mg ha -1 N under lightly grazed, heavily grazed and ungrazed treatments, respectively.
Conclusions
Our study found that ecosystem CO 2 exchange rates were strongly influenced by changes in summer precipitation. Decreasing summer precipitation reduced RE by 45%, GEP by 75%, and NEE by 70%. The lightly grazed pastures had the greatest rates of RE, GEP, and NEE during the normal precipitation year; however, NEE did not differ between grazing treatments in the dry year. These results indicate that grazing intensity and precipitation interact to influence carbon cycling on mixed-grass prairie ecosystems.
